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THRORY OF SUPZLUCCNDUCTIVITY

by
3. N, Bogdlyubov , .

The phenomenon of suverconduchiivity was discovered sc far dack as 1511
by the Duteh acientint Semmerlingh Onpes. This scientist vas the first te
succeed i cogverting gaseous Meliug igto a liquid (1908) nnd to obtuin a
tenperature Shat was only & fev Qegrees adove adsolute zero (0°k—sero
degrees o3 VDe Kelely scele), §. o., misus 273.16° centigrade. In study-
ing ‘e rerietence of mereusy 13 the Pange of temperature reachcd, Kammer-
lingh-Onnes M4 opte the Panardn®ie phenemenon, mercury cexsed to shuw sny
resistance %0 an oleetric currest gmssing through it, At the temperature
of &,12 o8 She eVyolute pedlo 1t Pnssed 1ate the -ixporcogductlvo state,

Later 3% turned out hat 08 o3y ‘mercury caun e superconductive, At
the present tinme $Pefe ere MACYR 23 gure metals vhich poueu. the vroperty
of suvereconduetiviey (agohc Shed such metals as tin, ioud. aluminum, sine,
and others. Jefidos, o gPeot Mader of conpounds and rlloys at low tem=
peratures alst Yecone eupsfeoniuetofs, |

The remurkadle profer®p 8¢ eupertonductivity wus demonstrated with spe-
cial lucidity 1n an egvefirest vi'h @ lealden‘superconductive ring which was
net ‘eonauul up WA any u\wcé of electriesl eneryy. An electric cur-
rent excited 1» L4 ean eirevlaip 19 $8 for hours, vractically as long as it
1o posaidle 2o rold the lew temperature of the experiment. '

In 1933 the Cerman schentiot V. Iotunn. discovered the ot less curious
magnetic properties of She superconducters. In these cxperinen;.n the super-
conductor was placed i ® magsetbe #leld ané cooled until it vaseed into the

superconductive state. The mugneS8c Pleld vhen this Muppened vas vushed

ous of the velune of 3 suPpercoadector snd conceatrated ia & very narrow
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(of the order of 167° cm) surface layer, e Yhe mugnetlc field canacth
venetrate the isVer$or af a sydetance ydich 3o 38 She superconductive’ ststes
This ohencacnos feceived the aase 6f the Nolesaer offect,

The sefn goatatance tO an slectric curren® sand the magretic propestied
of She quoerconfuctore 1a thety sature vroved to Ve fundamental facte, with
W Ald of which, without £es0riing to extraneous hypotheses, the Britied
sclvatiot: 7, London and G. London were able to explala the nature of alsoet
sl] exteting experimental materinl.

Bovever, for & long time one wes not Adle to glve an explanation to thege
shenosenn notvi'hetanding the verg consideradle interest manifested dy the
scientiots of the whole world in superconéustivity during the co.ree of ale
#0st half s century. Only quite recently the numercus ettempta 1z thie die
rection were crowned with euccess,

But defore taking up the etory of the
nevw AccemPlistiments in clearing up supercon
duttivity it $s 40 place to cal)l attention
to stll)l oae s0re remurkadle vheneneson aled

obaerved at yery low tenprratures. Ve have

in »igd the superfluidity of )iquild bheltus,
acadeictin ¥, ¥, Dogolydbov Although .thh vhenomenon wea diccovered cone
. sideradly later than superconductivity (ia

the your 1934 by the acadenicina P. L. Kapitea) 18 got full explazatioa ale
80c (en Yoars earliier,

Vhat kind of a phenonenca t.o thic suprrfluldity vhich dar such affiasty
vitM superconductieityl I 18 Zaovz $hat at the abeolute tewperetere
of &,20 .24 Gova (21ght dova 1@ adeolut s sero) helius ?158e 00017 38 WG

33qull otate (317 Sha Pressure §9 le0s 243 25 atmespleten), Wt vhen V0o
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Semverature 3.19° X jo teached Neliun Proser 18%e a epecic) quperfluid otute,
viddh 3¢ wwre vwleceslity, such ne 18 chasacterietic of ~ay epdinary Jiguid
or goo. In thie otate the Belium acguires the cepacity to flew through the
. Ihianeet coptllartes quite freely, snd for its movexent there 10 aot Fequired
& difference of pressurss, Just as the current flows thraugh the supercénduce

tive ping without a difference in potentisl,
. As &t now lv.e MOW turned cut the

'd .. ..

..'g : vhysicel nature of auvercorductivity
; U UL T aRd superfluidity are slsost one and-
§ g the s me thing; betvwen \hese phe-
§ :: | . nonens there exiots a profound phys-

. § T i: ical And mathenntical ARAROLY.

. nnngmm K] o claracterive 4a & few worde

. : the latcat accemplisheents s explain-

With the lowering of the tempareture . .
ing superconductivity one should vy
the resistance of mercury Aininsabes -

trat supercontuctivity is suparfive
gradually, vut af the terveratuxe of ,

1dity of the clecirons in tre metal,
4,207 the curve drops starnly--elec-.
‘ In explaining eurerfluidity an
trical resistance decomes fero--it

imnortant role wus played dy the the-
phsses into he surerconductive state, - :
ory of Acaderfcian L. D, Landen,
Keys left, specific reeistance; de-

Based on a series of shred prerises
lev, tenperaturce '

about the microscodtic nature of thie

’ionaoaon 1t snde 3t possidle tc explain sonme chrracterieric traite of sue
perfiutdity, In 1947 tie author of these lines succeeded in developing o
eonsietont microscopic theery of superfluidity and deriving special sathee
*atteed  arseolur-a vhiuk 2 ile & the Duele of a nev netdod enodiing ce  °
%o soies coppletaly the prodien of superceaductivity,
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Tt thée $deery 4dere wys explained she fellewing picture eof the
oveemeat 6f & Cederfiotd J1quils $6 PPPesitiee $0 ma oxdiseny ¥iquid o»
go6 48 vhich salividenl Javiteies are adifted aleag chaoticelly She wuper
nlll. 1iquid ssaifests a Bigh Gogres of orderiynces, Thie e Vreugit
adout Oy a paverful interaction anceg the eepazate 3articles of the eupere
. fluld 11guia, aad thix pimves to B0 Vay etreng for particles the velscitiee
of vhich axe directed 3a arpontiica o a8th ofbex, It was precieedy the .
correct calculation of this Satersution slue that caveed the deoic difficule  *
t'r in creating a theery of ewperiinillly.

In the euperslvid 23quid Wy viztus of the Dewerful iatersction of the
peire of perticles vith equal st oppassd aimum velocities there 1o .
formed a epecial “condensste.® The particles that fisd thenmselves ia it
cannot give eut thair essrgy in 1ittle pertisns. 4s & viole the superfluid
J3quid 2inds 1%end2 deprived of unéﬁl’_).‘. The "Mu.to' caa do formed )
only & coopaxativaly Jew temparaturan, amd Sharefore the phencacaoa of super-
LI0LASLY 25 Aasrved saly cleve to abeoints sere,

ok 3ip Jss ovar oW to the supsrconductivity, Let us recall driefly
In gexierel Jines the wechonion of ordirayy conductivity of mstale, °

In metals the atems are aot srranged in disorderly fashion but by regu-
lar rovs, My thnts form the so-called crystillise lattice. The clutricai
current reapressuts tha flow of the clectvans, In passing through metal the
olactyrons collide «ith atame of 1he crystalline 1attice and thersdy Vring
adout the:ir oacillations, MNesnwhile tke electrons give off ;!(m- energy
to the atons and are ratanded, It 4p matural that the flew of slectrons Vg
viriue of thie esperfence n defintts resistance,

Zate \hie plcture of \he conductivity of metals, vhich ve {aherited -
fvem claseic physics, nedern quantun physics Wought e changed, Accorde

- o weem
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1ng Ve (4 prbecipioe $Be dB0s} gufetoidbne ladvice ad the temperiture of
aloeitts Jute €000 000 OF20F 2o0l0N6080 10 08 eletiricel cwrreat, bub ot |

)P Ssaparetere, 0ven engh of oinll decver, Fosietadtes G4Nele €5 © sesudt

oF t3s colliglen of the electrons with the quanta of Mot ¢sslifstione of °

13n 20ttico, the phonsns, dne should mentien that the aetien ¢f SDe pAeate,
vMlch piaye aov mich an Iapertant zele ia the whele thesry of metale, wae
firet fatroduced fo ationce Dy the Soviet ecientist and acadericiva §, B Toam,

Thee from lil Piat of view of Wadern comcepte the iaternctien of oleee
troms vATh he atoms of the crystalline Jabtise iu Mere correstly preveated
as the Iatoractich of slectroas and pPoemiane  The character of thie fa-
texacticn is aueh that the alectxons con aMsord asd enit MO.. fa the
latter case the eleetyon deaep 4%p GNATEY, o

We dwelt here ia a 15t\le moxe 4oL ea & dencription of the pattera of
ordlmary conductivity of metsle, ¢ 418 this aleo bateuss 45 40 preciecly
22 interection of the dc.ct'ﬂu with e phonons (the creation wnder epdte °
SATY circumatances of the resiatascte 1o the movenant of the dlecirens 4a
netal) which ’!Q;Oi £0 Das 3 3¢ 6V WD Tihined cut, the Basic reasea for the °
formtion of superconinetivisy,

This dsportant phyaies) tden alout A1 exdatence of the rele of Lhe elos-
troneplonon interasiion was SArat expreaned By the Britteh scieatist 0. Freoh-
ek 3 2950,  Up to trat time 4% Wik CONSIdered that the veuk electrea-
phondn resction should be diarupsrded apd one should take iate account ealy
he peverful direct electrostatic imteractioa of the clectroms ameng n-;
selvee,  Froedlich derived the Basic equation of the prodlem, Wt in view ¢
of the exclesivaly mathematical cosplexity was not adle te mike the eole )

ICEDETIO O WABNS- 90 W

tien, al tiNgh he expresced o munber of correct hypotheses adout the sature
of the natienatical difficultien, , °
° [
-\. -]
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Starsing vith his tles of I
oexéten-phased 108eresitiod b M-
soeled 1a preficting the otegalled
dzotepic effects 5o cones to 140
conclucion that the temperature of .
the trensition inte the smpesetndade
tive state n & definite wy ¢opeds
on the maes of the atons whisk fomm
the crystalline 1astice of 4he Mite
ol, samely, this tarpepature 49
Snveraely ummmi 10 the aquare
2008 Of the stomic wAlEDS of the

Nushiag s-de o msmetic force 1ines ~ dmotope,  This predlctien ik 1950
o %7 a supsrconductor ephere in 2te we Yrillteatly confl:upl @xperie

peosizg fato the supervroductive etate mmtslly. It bucamw S2ear Akat

(Meissner e7foct).  ibave are shown Frochlichte aetion Wnaloslly ene

the wesnetic-force lines vhea the Precos carrestly the Phyaioal aae
sphere hap DOt g-t acucd into the ture of the phevonenon:
superconductive st'te; in the center Hovawar; up £0 this dise no

10 shovm he £ prrere 0t o 1OWer couplate 0lution JAs Meex given
termer: tures the Be i te® draving Ane to Froahlich's MUALI0RE dovdits ree )
digtes the rppmic it of the zagastice mnined as 6 WHAtHAX YALIY preceet.
force lines «r.und » xvhere which hap  dng TEie thend HQuAtions ene eeuld
passed into the mupsresinductive etate,  guplain the shentusnon of wuperesns
oo Jines are completely pushed eut of  @uctiviig. Deos one 20V aved 0
the voleme cf the apliere, Sring 18 additions] piyeicel $4eed
) Freehlich?s seticssvere atirasiive, *
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but they did net have, nuctw.qoﬂiu. sonviscing force. They ro-
xaired on ¥he Joved of Nrpetdestd, SORITIAR to vo Safiliel. Swh 2 veri-
ficatlon coull Ve proviied B aB ensct selution of Froediiehts eqietPone.
Xany scieatiote 1a various Countries wepked on ¢his voMien,

An Ssporthat phyeical dea adout the ro.sse of sk ¢iffieultice §0 the
solution of Froshlich's equ:ties was expres:cd 0§ 1o Ausis=1ian selentiele
%, R, Shafroth, S. T« Duiler, ank 5. M Blast, They iastreduced the 20
ebout the essential sole Of epacIAl 3ALred corrclaticns Metvees-the olese
trong ond the electrruo-ctonds eystone .

Such 1%eac, dut supporied alrendy By MAtNAnatichl <eaputation, wore 4o«
veloped 4n a recent work by Asericia ecfentt:te, 3. Terdisn, To Jo Cotper,
and J. R Schrieffer.. They deslt MAth & ameutue oiaplifted eflal, n
which there figured the interaction of elechrens .g-.msfmg atwvllgs’

By introZucing the suprlcmentesy hyphstants that the diectsnns ave srovysd
4n paixe theas resenrchere OMUAINIR & sories of fermnlan which Gasranily o
deacride the Bond betwern the SAAn vilnes shich chardutorise the aNte of
cuperconduetivity, Notulthatanding the Zact thus in the wsk of Jeriess,
Cooper, ana Schrieffer there 4s & Whole scriss of inufZiciently Sevntel
Womz and math.anticnl propoaitions, 4% et Ve constdegst -8 ws Saparie
aat contributfon % e thedry, constdertng the extrens €om iexity of thip
prodlea,

In vorking oz the theery of auperconductivity we were 8 sugconsful in
develering cur rsthod applied to the fermation of a thiesy en superfietifty,
1188 1% enadled cae fully and etrictly to solve the predics, net eady
ot tnickedly proposed vy Froohlsch, Wt \1go with 1te suppleneatal esns
plteations, Jrofuced, for exanple; Vry Saktu: $5%0 systematic Ascemal Ao
o2eatrosintiq gerudefon 0f the olectregn, This nev Refhod in wae Gevede

° " &
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orment of which am imporvsnt part was taten by my cellubsrators D, X,
Zubsrev, V. 7. Zoimocha®, 8o V. 276334300, fu, &, TsesXovgilev, and

D. 1. Shiexee T Bastd 6a (DO developart of the {icug of wr wordk in
accorlange with the sicreceopie theory of euperfiniditr putitaled S

t=-273°

In norm=l metal the sl-ctsons move ia 31:opderly fash8on, If a differ-

ethce of yoteatinl 48 :rplted €0 the metal this movement becones somewhat
n8re orderly. ¥Howevep, ¢by c)oe!m: @2l #t42) co1¥ide with atomg of the .
crystzlline 1atetes ef "m meia), her this happens tM@ el<ctrons glve

up their onemy; which goes into the excitatica of cscillations of the of
the sepipate ateas (*Ight uppar atol on the lef® drfviez)e  Frem the point
of vicv of the quantum theory th¢ eleciroa here ecitt:d . phemen, The
soverent of Y elcctrons 4a the mebel when Lt 4 in $he supepeondugtive
stete ncquire: & high degree of o¥dorYineas. Toe 'OIQ“;OII &orR @ speciol
povertally Yound collective, which cannot povw give ois ite energy 20 enall
poftions, The flow of the €X0ctrdne mests no rerint=nce 0n the part of
the xnulu.: the electrical resiathnce if 'biough to zere (righth-ad draviag),

Ao & pesult of the recearchas conducted it turnsd eut that the phedems
ond of superconductivity and superfiudity arve physicelly and sathesst8eedly
a1310e * The establichnent of this fact §s very esseatsel Derause op S

074227308 - & ™



the vresent time in phyeics circles the ovinlon previailed that altogether
it was kardly possidle to have an affinity between the behaviorsof a aye~
tem cornsisting of atoms of helium and a system consieting of electrons,
The mat‘er is that the static properties of these particles, wh;ch also
determire the behavior of the systems made up of them, are quite different.

One can get a general pleture of She debavior of the
¢lectrons in the guperconductive state ia the fellowing fastion. The
free electrons in this stute ferm @ dewnd collective, in its properties
similar to that vhi.ch in the theorp of svuperfluidity is called "condensate.®
In order to tear an clectren em$ of ¥3ts colleetive it is necessary to
40 work the magnitude of whieh is of \ae s-me erlder ap the Leat energy
correspor2ing to the 4emperatupe of $rzns3ston from the supereenductive
into the rormal state., Due te ewdh a Pord tRe mevement of the eeilective
as a whole vroves to be stables the elogéric gurgent in t)e metal dass not
meet vitk resistance, .

The electrostztic revuleion 6£ tke elegtreds, of course, Opwrates
agninat the formation of sueh & "eonllegaate,® Rovever, this repuleion,

&8 We nov Know, operates much mere wexx}py \hea Wap essired 1p the Bamieen-
Coover-Schrieffer theory.

Besides, the nev method made §% FotsiWe 3o compute. the oscillations
of the collective of electrones end 96tad3¥s) §he exlstence of a special
kind of excita‘\tion—-elechouc waved, SRe ohergy of vhick s imversely pro-
vortiond to their length, and $384xt3P Ptreportionad %o tRe maxisum velocity

of the electrons.

»
The formulation ef the theepy 8f ewPcrconduetivivy opeas up broad
L ]
prospects for the solution of many $rmetiead inportamt prodlems connected

with the wse of gupsmrtenlucters in modern technology, Although these

FID-TT-£2-1714/1 ¢ 2 9



p&seibllitlou (for exampler, the transmission of electriczl energy over

a long distance) promlse great sconemiec sffect up to the present time the
aprlication of supercorductors has enly dsen speradie, Thie 1s explained
by the fact that superconductore exbet at very dow temperatures--not adove
ninus 250° centigrade.

One can think that the theory ef superconductivity wil®? be able to
solve in principle the prodlem of the peesidility of creating e supercom
ductor at room termverstire,

In coﬁnection with this subjJect one should express the hope thzt our
mathematical method which made i1t voselble to create both the theory of
superfluidity and the theory of superconductivity will enjoy droad apunli-

cation in other fields of statistic phys'.cs.

FID-TT 62-1714/1 + 2 10
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